The 2004 Southeast Asia Tsunami killed nearly 5,400 people in Southern Thailand, including foreign tourists and local residents. To recover DNA evidence as much as possible from the seriously decomposed bodies, we explored procedures of sample preparation from both bone and tooth samples as well as both mitochondrial and nuclear markers. Despite having failed to recover enough DNA for nuclear marker typing, we succeeded in obtaining fully informative results for mitochondrial markers (HV1 and HV2) from 258 tooth samples with a success rate of 51% (258/507). Using an organic DNA extraction method coupled with an ultrafiltration step, we obtained 16 STR (including 13 CODIS loci, one sex discrimination locus, and two Identifiler loci) profiles for 834 samples with a success rate of 79% (834/1,062). In addition, by comparing the allelic frequencies between the typed samples as a group and other index populations, we conclude that the Thai tsunami victims are a combined group of several populations. Our results provide valuable evidence and protocols for the future forensic practice.
Introduction
Brought by an Indian Ocean earthquake, the notorious 2004 Southeast Asia Tsunami killed nearly 5,400 people in Southern Thailand. The victims include a large number of foreign tourists from Europe, Asia, and other regions of the world, in addition to Thai nationals. As part of an international relief effort, we participated in a scientific and humane endeavor to reveal the identity of these victims based on current forensic methods with important modifications.
The Chinese scientists arrived in Phuket, Thailand on December 31, 2004, and joined immediately the multi-national task force to collect samples from the remains of victims. Due to the scale of the disaster, the climate, and the process to initiate an adequate rescue effort, by the time when large-scale sample collection initiated, the remains of most tsunami victims * These authors contributed equally to this work. # Corresponding author. E-mail: junyu@genomics.org.cn had been seriously decomposed, not only making the sample collection process very difficult but also posing questions about the success of DNA identification. After in-depth literature studies and discussions with experts in this field, on January 1, 2005, we made a critical proposal that the samples collected for forensic tests should definitely include thick bones in addition to teeth, although the latter are the preferred specimens by standard forensic and anthropological studies for DNA-based identification. We have three basic arguments. First, the decomposing process in a humid and high-temperature environment may be significantly accelerated, especially when plentiful ocean-borne microbial species are stirred up by tsunami waves from oceanic sediments. Second, teeth should be among the first body parts being exposed to the microbe-rich seawater and the situation should be worsened when the floating bodies, often facedown, are soaked for days. Third, DNA-rich bone marrows are covered by the skin, muscle tissues, and calcified compact bones so that it takes much longer time for microbes to penetrate through. Upon the acceptance of our proposal by the task force, 507 tooth samples and 1,062 bone (a portion of femur) samples were collected on site by certified forensic dentists and forensic anthropologists, respectively, and were received by our laboratory in Beijing, from January 15 to June 11, 2005 .
In this report, we describe our experience in DNA identification and results from a preliminary analysis on two types of data from nuclear and mitochondrial markers, which were acquired from two different specimens, teeth and bones. These results and analyses are believed to be highly beneficial for forensic scientists who may handle samples from specific environmental conditions, not limited to tsunami victims.
Results
Genotyping of the HV1 and HV2 loci with mitochondrial DNA from tooth specimens
Since most of the specimens from teeth had failed in STR typing due to low abundance and degradation of the nuclear DNA, we used these samples for mitochondrial DNA (mt-DNA) sequence analysis. We have succeeded in obtaining results from 258 tooth samples (258/507, success rate 51%) in both HV1 and HV2 sequences. A comparison to the Anderson sequences and results are summarized in Tables 1 and  2 . In the HV1 region, we detected 147 loci from base 16004 to 16391 in a total of 883 variants, including 871 SNPs and 12 Indels (Insertions and Deletions). There are eight loci with frequencies exceeding 3% (16126, 16129, 16183, 16189, 16223, 16294, 16311, and 16362). In the HV2 region, we found 85 loci from base 46 to 463 with a total of 1,197 variants. Among them, we have 816 SNPs and 381 Indels. There are four highfrequency loci in this region (73, 263, 309, and 315). We notice the uneven distributions of the variants between the two regions among the loci in their distribution, allelic frequencies, and variation types (base substitutions and Indels).
Genotyping of nuclear STR loci with nuclear DNA from bone specimens After encountering difficulty in extracting highquality and adequate DNA from tooth specimens, we tried three different methods to extract DNA from bone specimens. The IQ TM system from Promega and the QIAamp Micro kit from Qiagen did not gave rise to consistent results but the organic method coupled with an ultrafiltration step with the Microcon YM-100 concentrator (1 ) showed a promising STR profiling. For genotyping, we used a commercial kit from Applied BioSystems, the Identifiler, with 16 STR loci that include 13 CODIS (the FBI Laboratory's Combined DNA Index System) loci, one AMEL locus (amelogenin genes that are found on both the X and Y chromosomes; ref.
2 ), and two others (D2S1338 and D19S433). We succeeded in obtaining qualified STR profiles from 834 samples (Tables   3 and 4) and three examples are shown in Figure 1 . At the TPOX locus ( Figure 1 , A and B), the allele 8 has an extremely high frequency and so do the 8 and 8/11 genotypes. TPOX shows the lowest discrimination power (DP), with the DP value of only 56.7%. The D3S1358 locus ( Figure 1 , C and D) has a more balanced allele frequency with a DP value of 74.35% but is lower than the FGA locus ( Figure 1 , E and F), which has a DP value of 84.97%. We also compared our data from the 13 CODIS loci to the references at the STRBase (www.cstl.nist.gov/div831/strbase) ( Table 5 ). Genotype E F Fig. 1 Allele and genotype frequencies from three representative loci: TPOX (A and B), D3S1358 (C and D), and FGA (E and F). 
Discussion
Nuclear DNA is degraded in tooth specimens but mt-DNA from them is recoverable
We had quite a struggle in extracting enough DNA for nuclear markers from tooth specimens initially due to the variable amount of tooth samples (decomposed bodies often have missing teeth to different extents). Despite various controls, careful planning for the experiments, and DNA enrichment procedures, the amount of DNA purified from an entire tooth or pooled from multiple extraction procedures was not enough to give rise to satisfactory results for all nuclear loci; some of the samples did not show any evidence of remaining DNA. When some of the specimens did give positive results, the quality was often poor and unusable. Having worked at the sites of specimen collection, we observed that the victim bodies stored in the local morgue were not maintained in low temperature and most of them had been washed in badly contaminated sea water for days before sample retrieval. It was reported by numerous investigators that DNA degrades rather quickly when exposed to high temperature (3 ); salt and bacterial contaminations are also inhibitory factors for appropriate DNA preparation and amplification (4 , 5 ) . Furthermore, the amount of recoverable DNA is also critical since low DNA concentration often causes false positive results. Finally, the procedure to collect teeth, though done by forensic professionals, is different from anthropologists' procedures in which the teeth are often collected with the skull. When teeth are removed, the cavity is exposed to air and also becomes accessible to microbes. As a result, we encountered tremendous difficulty in recovering DNA in an adequate amount (often lower than 3 pg in total pooled extracts) to perform our experiments that insist information as complete as possible.
Since these specimens are very precious and important for the victims' family to identify their beloved ones lost in the tragedy, we attempted to rescue mt-DNA in case of request. We chose to genotype loci in the non-coding region of mitochondrial sequences, the displacement loop (D-loop, sometimes referred as the control region) that is approximately 1,100 bp in length. The forensic value of mt-DNA relies on the sequence variability of the D-loop between individuals, and the maternally inherited nature of mitochondria makes it suitable for matching blood relatives of maternal inheritance. In addition to skin, blood, semen, saliva, and the usual body remains for forensic DNA identification, mt-DNA has also been extracted from teeth and used for such purpose (6 , 7 ) . Because the tooth specimens of the tsunami victims were badly degraded and could not be used to obtain satisfactory nuclear STR profiling, we decided to sequence mt-DNA from the tooth specimens to salvage as much information as we can. The complete sequences from the multiple hypervariable regions often enable investigators to identify remains of war casu-alties and individuals involved in mass disasters or criminal case (8 ) . We indeed achieved a 51% success rate in recovering mt-DNA information, ready to serve any relatives who step up for DNA matching in searching for missing family members in the disaster.
Bones are better specimens for typing nuclear marks but an enrichment step is of essence
Realizing that similar situation may happen in preparing DNA from the bones, we designed a series of experiments to work out a standard protocol for tsunami victims. We first investigated commercial kits from companies whose DNA purification kits are widely used in forensics. The IQ TM system from Promega and the QIAamp Micro kit from Qiagen are two examples for DNA extraction, which are successfully used to extract DNA from blood stains, buccal swabs, hair follicles, sperms, teeth, and bones. We also tested in parallel several classical methods. Among them, a classical organic method used to prepare DNA from calcified tissues (4 ), coupled with an sample concentration step with the Microcon YM-100 concentrator, an ultrafiltration unit, gave us the most satisfactory result. Among those complicated reasons, the most decisive factors are the relative purity of the resulted DNA preparations and the higher yield of the procedure. The yields of this protocol is often ten times higher than the commercial kits when start with the same amount raw bone samples. Another important notion from our experience is that the bone specimen is not limited by size, and can be readily grinded into a fine powder for DNA extraction, yielding a higher concentration of DNA with minimal degradation. Relatively pure and high concentration of the DNA samples gave us consistent results for the nuclear STR typing.
The Thai tsunami victims are ethnic diverse group based on STR profiles
The Thai tsunami victims are an admixture of foreign tourists and local residents, including not only Thai nationals, but also other Asians, Europeans, Americans, and so on. As we anticipated, the results show a great diversity among the typed loci from the victims when compared to any of the reference populationbased data. Comparing the values of the observed heterozygosity (Ho) and expected heterozygosity (He) to those of U.S. Caucasian, African American, Hispanic, Chamorro, or Filipino populations, we found that the Thai tsunami victims generally have lower Ho and He values than those of the U.S. Caucasian and African American populations (Tables 6 and 7) . 
Conclusion
As the final note to this report, we are happy to announce the completion of the project after handing all our data to the Thai Tsunami Victims Identification Center (TTVI center), since we are only responsible for the postmortem DNA profiling and the victim identification process. We have learnt recently that over 200 relatives of the tsunami victims have already found the bodies of their family members, who are indeed identified by the DNA method, including both Thai nationals and foreign tourists from several nations.
Materials and Methods

Sample collection and processing
Bone and tooth specimens were collected by certified forensic scientists and shipped on dry ice to our forensic laboratory. After data entry, each sample was decontaminated and processed according to standard forensic DNA extraction protocols. Tooth marrow tissues were collected and DNA was extracted with commercial kits (DNA IQ TM System, Promega Corp., Madison, USA; QIAamp DNA Micro Kit, Qiagen, Inc., Hilden, Germany).
The bone specimen of approximately 2 g was cut into 5×5×5 mm pieces and washed in 50-mL Falcon tubes with Terg-A-Zyme (an enzyme-active powdered detergent made by Alconox, Inc., New York, USA) just enough to cover the samples. The mixture was sonicated for 30 min, rinsed thoroughly with distilled water, and dried at 56℃ in an incubator for more than 2 h. The dried bone pieces were milled in a SPEX CertiPrep 6750 freezer mill (SPEX CertiPrep, Inc., Metuchen, USA). DNA samples extracted from the fine bone powders were concentrated with Microcon YM-100 concentrators (Millipore Corp., Billerica, USA) (1 ).
DNA amplification and genotyping
For STR analysis, the AmpFLSTR ® Identifiler ® PCR amplification kit (Applied Biosystems, Foster City, USA) was used for PCR amplification and the results were analyzed with the 3730XL DNA Analyzer (Applied Biosystems) and the Genemapper software. For mt-DNA amplification, two pairs of primers specific to the human mt-DNA in the hyper-variable regions were used (HV1 primers: 1F/ctcacgggagctctccatgc and 1R/ggcggtatgcacttttaacag; HV2 primers: 2F/ccaccattagcacccaaagc and 2R/tcccttgaccaccatcctc). The mitochondiral data were analyzed with the DNAStar package.
DNA was amplified in a total volume of 25 µL, containing 4.5 µL template DNA, 2.5 µL primers (1 pmol/µL), 2.5 µL dNTP (2.5 mM), 2 µL Mg 2+ (25 mM), 2.5 µL 10× LA Buffer, 1 µL Taq polymerase (5 U/µL), and 10 µL ddH 2 O. The PCR cycles were set as: denaturation at 95℃ for 2 min, amplification at 95℃/60℃/72℃ for 30 s respectively in a total of 35 cycles, and final extension at 72℃ for 10 min. The PCR products were purified with a Millipore 96-well purification plate. Mitochondrial samples were sequenced on the 3730XL DNA Analyzer with Dye Terminator kits (GE Healthcare, USA).
